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EXECUTIVE SUMMARY

An experimental and analytical study was conducted to determine the effects of multiple cracks
on the fatigue crack growth and residual strength of curved fuselage panels. Four panels were
tested, two panels with a longitudinal lap splice and two with a circumferential butt joint. For
each joint configuration, one panel contained only a lead crack and the other contained a lead
crack with multiple cracks located along the outer critical fastener row of the joints. The panels
were tested in the Full-Scale Aircraft Structural Test Evaluation and Research (FASTER)
facility. First, strains were measured under quasi-static load conditions to ensure proper load
introduction into the panels. Second, fatigue crack formation and growth were monitored and
recorded in real time using the Remote Controlled Crack Monitoring (RCCM) system under
constant amplitude loading up to a prescribed amount of fatigue crack growth. Third, the crack
growth and residual strength were measured during quasi-static loading to failure.

Geometric nonlinear finite element analyses were conducted to support the tests. The strain
distributions and fracture parameters governing crack formation and growth were determined.
Comparisons with strain-gage data verified the finite element models. For fatigue crack growth
predictions, the corresponding mixed mode stress-intensity factors were calculated using the
Modified Crack Closure Integral (MCCI) method. Results include comparisons of strain
distributions, fatigue crack growth characteristics, and the damage growth process during
residual strength test for the two joint configurations. In general, results show that multiple
cracking did not have an effect on the overall global strain response. However, the number of
cycles to grow a fatigue crack to a predetermined length was reduced by 37% and 27% for the
longitudinal lap joint and circumferential butt joint panels, respectively. In addition, the
presence of multiple cracks reduced the residual strength of the panels with a longitudinal lap
joint by approximately 20%. For the circumferential butt joint panels, the effect of multiple
cracking on the residual strength could not be quantified due to premature failures at the load
application points in the baseline panel. However, it was observed that the growth of lead crack
into the first fastener directly ahead was more rapid for the panel containing multiple cracks.
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INTRODUCTION

Since the 1988 Aloha Airlines accident in which a large portion of the fuselage crown of a
Boeing 737 tore apart due to the linkup of small cracks emanating from rivet holes in the lap
joint, much effort has been placed on developing methodologies to predict the reduction in
residual strength of aircraft fuselage structure due to various multiple-site cracking scenarios.
Research efforts sponsored by the Federal Aviation Administration (FAA), National Aeronautics
and Space Administration (NASA), and the Department of Defense (DoD) include the
development of various analytical tools that address this complex problem at several levels.
Both rigorous numerical methods and simplified engineering approaches have been developed to
predict crack initiation, growth, and linkup, and residual strength [1-9]. In general, the
development of each tool has been focused on analyzing different aspects of the process, such as
crack initiation, crack growth, crack linkup, or residual strength of the fuselage structure. When
fully validated, the combination of the tools should be able to predict the entire process and
could be used in the current fleet of aircraft to predict the effect of multiple-site cracks on the
residual strength or in future aircraft designs to prevent the occurrence of multiple-site cracking
within the design life of the structure.

As part of the FAA research program, a research effort was conducted at the FAA William J.
Hughes Technical Center to assess the effects of multiple-site cracking on the fatigue crack
growth and residual strength of fuselage structures. One focus of the research effort is on
developing computational methods to determine fracture parameters governing the onset and
growth of cracks and the residual strength of fuselage structure with multiple cracks. These
methods will be used to predict strain distributions, crack growth, and residual strength.

The second focus is on conducting tests to understand the damage mechanics and guide the
model development. A state-of-the-art facility, the Full-Scale Aircraft Structural Test Evaluation
and Research (FASTER) facility, was developed to apply realistic flight load conditions to large,
full-scale, curved sections of fuselage structure [10 and 11]. Both quasi-static and spectrum
loadings can be applied, including differential pressure, longitudinal load, and hoop load in the
skin and frames, and shear load. The test data will be used to validate analytical methodologies
developed by the FAA and NASA [9]. The FASTER facility is located at and operated by the
FAA William J. Hughes Technical Center.

This document reports on tests and analyses that were conducted to verify the predictive
methodologies. The curved panels used in the test program are similar to a typical narrow-body
fuselage structure consisting of skin, frames, shear clips, stringers, and either longitudinal splice
or circumferential joints. A total of four panels were tested, two panels with a longitudinal lap
splice and two with a circumferential butt joint. For each joint configuration, one panel
contained only a lead crack and the other contained a lead crack with multiple cracks. A strain
survey was conducted under quasi-static loading conditions on a test panel to verify proper load
transfer from the load application points to the panel. Comparison with an independent full-scale
test conducted by Boeing Aircraft Company on an aft fuselage section of an actual aircraft with
similar structural details to the panels tested in this program and comparisons with detailed finite
element analysis results confirmed appropriate applied load conditions. Crack growth under
fatigue loading conditions was measured and recorded up to a predetermined crack length.
Finally, crack extension and residual strength were measured under quasi-static loading



conditions. In the following sections, a brief description of the FASTER test fixture is presented
followed by the analytical and experimental results, including strain distributions, damage
growth process, and residual strength characteristics. These findings provide experimental and
analytical procedures for testing curved panels containing multiple-site cracking scenarios.

FULL-SCALE AIRCRAFT STRUCTURAL TEST EVALUATION AND
RESEARCH (FASTER) FACILITY

The FASTER test fixture, shown in figure 1, features a unique adaptation of mechanical, fluid,
and electronic components and is capable of applying internal pressurization, longitudinal, hoop,
frame, and shear loads to a curved panel. As shown in the exploded view in figure 1, the fixture
consists of a base structure, hoop load assembly, longitudinal load assembly, fuselage pressure
box, frame load assembly, and shear fixture assembly. The FASTER facility also includes a
computerized instrument control and data acquisition system and a remote-controlled video
system that are not shown in figure 1.

In general, the test fixture is capable of dynamically cycling the internal pressure as well as
performing a static pressurization. The hoop and longitudinal stresses are simulated by the
controlled application of distributed loads around the perimeter of the test panel. Hoop forces
are distributed by individual loading linkages using a two-tier coaxial whiffle tree assembly,
which generates four equal forces from each controlled load point. A total of seven load points
are used on each side of the specimen, creating a total of 28 attachment points. Longitudinal
forces are applied using similar loading devices on each end of the panel, consisting of four load
control points and 16 attachment points. Similar devices are available to apply hoop tension
loads at each end of a frame.

An innovative shear load application system was developed that uses two load distribution points
in the longitudinal direction at the edges of the specimen. The force is applied as a couple and is
reacted by a couple in the hoop direction. A unique feature of the shear loading system is the
elastomeric coupling between the loading mechanisms and the test specimen. The elastomer,
which has a soft shear modulus, creates a close approximation to uniform shear distribution in
both the applied and reacted couples.

All forces are generated using water and air as the fluid medium. The external loads are
generated by applying water pressure to bladder type actuators, which are controlled by pressure-
activated dome valves. The dome valves are automatically controlled by electro/pneumatic (E/P)
control valves. The E/P valves are driven by a computer control system in a closed-loop
configuration. The operator can control the loads, speed, and type of test. Data from strain
transducers, load transducers, pressure transducers, etc., are displayed on color monitors in real
time and stored for off-line analysis.

MECHANICAL LOADING MECHANISMS.

Water actuators with a lever arm construction are used to apply loads to the curved panel. The
water actuators used are air-water springs. An air-water spring is an elastomeric rubber fabric
bellow with metal-end closures which contains a column of compressed air or water. In the
FASTER test fixture, water is used. The compressed water provides the force or supports the



load. Air-water springs have wide industrial applications, including vibration isolation, truck
suspension, and actuators. They are highly durable, rugged, and reliable. The water actuators
used for the FASTER test fixture are more cost-effective than the standard oil-based hydraulic
cylinder actuators. The initial purchase cost is much less and no maintenance or lubrication is
required. There is no internal rod or piston or sliding seals, as in conventional cylinders. Since
there are no moving parts in the water actuator, it is maintenance free, friction free and the
response is immediate.

A schematic of the general loading mechanism for the longitudinal and hoop load assemblies is
shown in figure 2. The loading mechanism consists of a water actuator, lever arm, fulcrum pivot
point, a load cell, and a whiffle tree. The lever arm is connected to the water actuator at one end
and to the load cell at the other and rotates about the fulcrum pivot point. The distance from the
water actuator to the fulcrum is 1;, and the distance from the top of the lever arm to the fulcrum is
l,. As the water actuator inflates, the bottom of lever arm will displace an amount u,, rotate at
the fulcrum pivot point, causing the top of the lever arm to displace an amount u,. There are
eight loading mechanisms to apply longitudinal load, four attached to each end of the specimen
as shown in figure 1. There are 14 loading mechanisms to apply the hoop load, 7 on each side of
the specimen. The load is distributed to the edge of the specimen through four links in the
whiffle tree for each loading mechanisms as shown in figure 2.

Although the application of shear loading was not included in this test program, a brief
description of this capability is described herein for the sake of completeness. The shear load
assembly consists of the shear fixture and four counter balance poles and baskets as shown in
figure 3. The shear fixture consists of a rigid reaction structure and pairs of water actuators,
shear lever arms, pivot points, longitudinal skis, and hoop skis. The longitudinal and hoop skis
are attached to the curved panel using elastic polyurethane strips 1”7 thick by 4” wide with a
Shore A durometer scale hardness rating of 90. The strips are a hard rubber material on the
Shore A scale compared to rubber bands at 40, tire treads at 50, and shoe heels at 70. As the
water actuator inflates, the shear lever arm will displace downward, u;, and will rotate about the
shear arm pivot point. As a result, the lever arm keyway, which is attached to longitudinal ski,
will displace amount u, as shown in figure 3. The displacement u, will deform the polyurethane
strip, which will distribute the point force at the keyway into a uniform shear force distributed
along the entire length of the longitudinal ski. By inflating the two water actuators, which are
located at diagonal corners of the reaction structure, the shear loads are applied through the
longitudinal skis in equal magnitude but opposite direction. The shear couple is reacted by the
rigid support structure, which is attached to the hoop skis. The entire shear load fixture weighs
approximately 3800 Ibs. To insure this weight is not applied to the panel, the fixture is counter
balanced using four weights attached to the fixture through four cable support columns as shown
in figure 3.

The frame load assembly loading mechanism is shown in figure 4. The figure shows a cut-away
view through a frame loader. The frame-loading mechanism consists of a water actuator, a
frame lever arm, a fulcrum pivot point, a radial reaction link, and a frame load link. As the water
actuator inflates, the end of the frame lever arm will displace an amount u; and will cause a
displacement of the frame load link in the hoop direction, u,. The radial reaction link ensures
that the frame attachment point is displaced only in the hoop direction. There are 12 loading
mechanisms for the frame load assembly.



The curved panel can be pressurized using either air, water, or a combination of both. The panel
skin is attached to the pressure box using an elastomeric rubber seal as shown in figure 4. The
seal is bonded to the panel skin and bolted to the pressure box.

HYDRAULIC AND PNEUMATIC SYSTEMS.

All forces are generated using water supplied by a stand-alone water system. The water supply
system consists of a 1050-gallon reservoir, a 40-hourspower (HP) pump capable of discharging
water at 140-psi pressure. A radiator on the water return line acts as a heat exchanger to keep the
water temperature below 105°F. The water supply line and supply manifold is constructed from
3” schedule 80 CPVC pipe. Under normal operating conditions, 60 psi is sufficient operational
pressure. The water return line and manifold are constructed from 4” schedule 80 CPVC pipe.

A schematic of the hydraulic and pneumatic system for a single loading mechanism is shown in
figure 5. The pressure regulator dome valves are attached to the water supply and return
manifolds with a 3/4” flexible hose. The high-precision pressure regulator dome valves control
the water outlet pressure to inflate the water actuators of the loading mechanisms. When the
water actuator deflates, the water exits to the water return manifold through a constant flow
orifice valve. The pressure regulator dome valves use air pressure applied above the valve
diaphragm controlled by E/P valves to accurately regulate water outlet pressure. The water
outlet pressure is identical to the air inlet pressure applied to the dome above the diaphragm. The
E/P valves convert a 0- to 10-volt control input signal to a proportional 0.7 to 127 psi pneumatic
air pressure inlet signal sent to the pressure regulator dome valves. Air supply pressure to the
E/P valves is set to 130 psi supplied by an air compressor. Plastic tubing having 1/4” diameter is
used to connect the E/P valves to the supply from an air compressor and inlet to the pressure
regulator dome valves. The E/P valves are computer controlled in a closed-loop configuration as
discussed in the next section.

CONTROL AND DATA ACQUISITION INSTRUMENTATION.

The computer control and data acquisition instrumentation integrates the various mechanical
load assemblies of the FASTER test fixture. The control and data acquisition instrumentation
uses the VXIbus (VMEbus eXstenions for Instrumentation) standard. The VXIbus standard is
based on the VMEDbus (versa modular European) architecture, a recognized standard that offers
an excellent computer backplane for high-speed digital data transfer and communication between
devices. The VMEDbus standard was originally designed for digital communication and is too
noisy for precise low-level analog measurements of test instrumentation. The VXIbus standard
enhanced the VMEbus standard by specifying interference shielding requirements on the
backplane and between modules and by increased spacing between modules. The VXlIbus
standard provides the architecture to allow low-level analog signals to coexist on the backplane
with high-speed digital signals resulting in state-of-the-art test and measurement instrumentation
with high throughput and versatility.

The control and data acquisition instrumentation contains a six-slot VXI mainframe (HP 1421B).
In the current configuration, five slots are used for control and data acquisition, with one
reserved for expansion. The zero slot contains a UNIX-based VXI-embedded controller



(HP V732/100) with a 100-MHz RISC processor. The next four slots of the mainframe contain
VXI multifunction measurement and control (HP E1419A) modules having 16-bit measurement
resolution and 56,000 samples per second maximum reading rate. The HP E1419A module can
be configured for a specific measurement and control application by using up to eight signal-
conditioning plug-on (SCP) cards. The SCP cards can accommodate up to eight input or output
channels and can provide various analog and digital input or output functions. In the first slot,
the E1419A module is designed for control of the longitudinal load assemblies, internal fuselage
pressure, the shear load assemblies, and system hydraulic supply. In the second and third slots,
the E1419A modules have similar configurations, each designed for the control of the hoop and
frame load assemblies on both sides of the system. In the fourth slot, the E1419A is designed for
64 channels of data acquisition with 56 low-level signals with a gain of 64 used for strain and
crack propagation gages, and eight high-level signals for pressure transducers.

The scanning rate of the control and data acquisition process is 150 times per second. There are
64 channels dedicated to data acquisition from strain gages, load transducers, pressure
transducers, crack gages, etc. There are 40 channels to control the FASTER test fixture. The
control channels include operation of the E/P valves, using a full proportional integral derivative
(PID), closed-loop feedback error control process as shown in the block diagram in figure 6. In
the figure, lines indicate the path of a signal, + the sign of the signal, X within a circle designates
a summation junction of signals, and the boxes represent a process done to the signal. The
controlling signals shown in the figure are the command signal, Cmd, the feedback signal from
the loading system, Fbk, and the error signal Err, which is the difference in the Cmd and Fbk
signals. The error signal is used to adjust the response of the load system using proportional
error correction, integral error correction, and derivative error correction processes. The
proportional error correction process scales the error by parameter Pgain to obtain a quick
response. The integral error correction process takes the history of the error and integrates over
time and scales to parameter /gain to reduce steady-state error of the response. The derivative
error correction process takes the rate of change of the error and scales to parameter Dgain to
help damp the response. The final control input signal, Cin, is the summation of the Cmd signal,
and the signals from the proportional, integral, and derivative error correction processes given
by:

d(Err)

Cin = Cmd + Pgain X Err + Igain X Jsign(Err)dt + Dgain X (1)

This signal is then used as input to the E/P value of a loading system as shown, for example, in
figure 5. Limit parameters are used to ensure that the system does not run unstable or
inadvertently overload the system. These parameters include maximum and minimum limits on
the command signal, O, and O,;,, a limit range on the integral error correction, +/;,. In
addition, a limit is set to shut the system down if the error exceeds parameter £D,,,,.

A target signal specifies the level the command signal must obtain over a certain time interval
called the end point, EP, and time (figure 6). The three ramping functions, which are used to
define the path the command signal follows to get to the target level, are a haversine (half
sinusoidal wave), linear, and step. To synchronize the loading mechanisms, two other control
parameters are used: the static hold, Sy, and the dynamic hold, Djyy. The Spo and Dygia



parameters are limits on the amount of error between the command signal and the feedback
signals at the target signal end point and between the target signal end points, respectively. If the
Shota Of Dyoiq limits are exceeded, a hold is placed on all control channels until the feedback
control adjusts itself to within these limits.

The graphic programming language, HP-Visual Engineering Environment (VEE) was used to
develop the graphical user interface (GUI) and the control and data acquisition system. The HP-
VEE software is designed for use with the HP VXI-based instrumentation. It can access and
load any driver for standard VXI instrument cards. The driver then provides a procedural
interface to the instrument for programmatic control. The user-friendly GUI of HP-VEE allows
a user to efficiently develop code necessary for controlling instruments, acquiring data, display
data in real time, analyze and reduce data in real time, or store data to buffers and files for
posttest analysis and data reduction. A graphical interface program developed using HP-VEE
allows the operator to control the loads, speed, and type of test desired. Data acquisition from
strain transducers, load transducers, pressure transducers, etc., are displayed on color monitors in
real time and stored for off-line analysis.

REMOTE CONTROLLED CRACK MONITORING (RCCM) SYSTEM.

The Remote Controlled Crack Monitoring (RCCM) system, shown in figure 7, tracks and
records multiple crack formation and propagation during loading in real time. The RCCM
system is a stand alone, computer-based video data acquisition system capable of monitoring the
entire fuselage panel test surface at several levels of magnification with a field of view ranging
from 0.05” up to 14”. The system consists of cameras mounted to two computer remote-
controlled, high-precision translation stages and provides accurate and repeatable length
measurements.

The RCCM system is comprised of three main components: a mechanical frame assembly, a
motion control assembly, and a video data acquisition system. The mechanical frame assembly
is used to mount and place the motion control assembly over the test section of the panels while
in the fixture. A large rectangular frame made from 4” square aluminum tubing is mounted on
top of the four counterbalance columns of the fixture. A second section sits within the
rectangular frame and can slide to provide longitudinal positioning of the motion control
assembly. The third component fits within the second section for lateral positioning of the
motion control assembly.

The motion control assembly is comprised of three bidirectional and two single-directional
translation stages each having a 0.078” lead screw. A bidirectional translation stage provides 24”
of overall travel in each direction. Two more bidirectional translation stages are mounted
underneath the 24” bidirectional stage, each providing 36” of travel in longitudinal direction and
12”7 of travel in the lateral direction. Periscope stages are mounted to the two 36” by 12”7
bidirectional translation stages to provide translation in the z direction of 10”.

The motion of the stages are remotely controlled by a computer via a joystick, mouse, and
keyboard, which sends step and direction commands through a 50-pin ribbon cable to each of the
eight motor driver modules. The stages are powered by 24 volt, 4 ampere, and four-phase



stepper motors that provide 200 full steps per revolution. The stepper motors driver modules
further divide the step to ten increments, providing motion resolution of 0.000039”. The

accuracy of the lead screws is 0.0039” per 10 inches of travel and bidirectional repeatability is
0.000236".

The video data acquisition assembly contains two black and white RS-170 format analog
cameras operating at 30 frames per second with high-resolution 768- by 493-pixel chips. The
two cameras are mounted to each of the two periscope stages. A high magnification zoom lens
(narrow-field-of-view (NFOV) lens) is attached to the first camera and provides a field of view
ranging from 0.05” up to 0.5”. The NFOV lens was modified to accommodate a simple belt-
driven motor to control the zoom ring remotely. In addition, a fiber-optic ring light is attached to
the end of the NFOV lens to provide localized lighting that also can be controlled remotely.

A zoom lens (wide-field-of-view (WFOV) lens) is attached to the second camera with a focal
length range of 0.45” to 2.71”, having complete motorized zoom, focus, and iris controls built-in.
A +1 diopter and +2 diopter were added to the WFOV lens end to provide a field of view ranging
from 2” up to 14”.

Video data acquisition and reduction software provides real-time crack length measurement
capabilities from the cameras on each stage. Using a cross-hair on the image as a reference,
accurate measurements of crack length can be obtained through the control of the translation
stages. Up to 360 of the 768- by 493-pixel digital images can be captured continuously and
stored in bitmap format at a rate up to 30 frames per second. The software can playback the
stored images. In addition, direct hookup to monitors and video control recording (VCR)
equipment is provided for continuous real-time monitoring and recording.

EXPERIMENTAL PROCEDURE

The test matrix for the four curved panel tests is shown in table 1. Panel CVP1 contains a
longitudinal lap splice with a lead crack. Panel CVP2 has the same configuration and lead crack
as CVP1 with the addition of multiple small cracks emanating from rivet holes ahead of the lead
crack. Panel CVP3 has a circumferential butt joint with a lead crack. Panel CVP4 has the same
configuration and lead crack as panel CVP3 with the addition of multiple small cracks emanating
from rivet holes ahead of the lead crack. These panels were subjected to a sequence of three
loading functions: (1) initial monotonic, quasi-static loading to a predetermined load level; (2) a
constant amplitude cyclic loading; and (3) a postfatigue monotonic, quasi-static loading up to
fracture.

PANEL CONFIGURATIONS.

Detailed engineering drawings for the four panels tested are presented in appendix A. The
selected panel configurations represent generic fuselage structure from a narrow-body aircratft,
fabricated according to original equipment manufacturing (OEM) specifications. It was decided
in this program to test panels that were generic instead of aircraft specific, since the purpose of
this study is to provide experimental data to support and verify analysis methodologies to assess
the effects of multiple cracks applicable to all aircraft types. The panel size was selected so that



the test section will contain large damage such as a two-bay crack with central frame severed.
The test section of the panel was sized in order to minimize the effect of the test fixture
attachment points along the perimeter.

Typical panel dimensions are 120” in the longitudinal direction, 68” in the circumferential
direction, with a radius of 66” as shown in figure 8. For all four panels, the skin was 2024-T3
aluminum with a thickness of 0.063”. Each panel had six frames with a 19” spacing and seven
stringers with a 7.5” spacing. The cross-sectional properties of the substructure are shown in
figure 9. The frames and shear clips were 7075-T6 aluminum with thicknesses of 0.071” and
0.063”, respectively. The stringers were also 7075-T6 aluminum with a thickness of 0.063”,
except for S4 where the thickness is 0.071”7. As shown in the photographs, the shear clip is
connected to skin using NAS1097AD6 rivets with a pitch of 1.0”. The stringer is connected to
skin using NAS1097AD6 rivet with a pitch of 1.25”. The frame and shear clips are connected
using MS20470AD6 rivets with a pitch of 1.0”, and the shear clips and stringers are connected
using HL518-6 Hi-Lok pin fasteners.

The edges of the curved panels, where loads are applied, were reinforced by bonding six layers
of 0.045~0.065-inch-thick aluminum alloy doublers to the skin to ensure a uniform load transfer.
Along the perimeter of the panel, reinforcing doublers with a length of 112” on the longitudinal
sides and 56” on the hoop sides were added. Holes with a diameter of 0.5” were spaced
approximately 4” apart along each side and 3.5” apart along each end to attach the whiffle tree
assemblies which apply the load. There were 28 load application points on each longitudinal
side and 16 load application points on each end. Doublers were also added to the frame ends
where they attach to the frame loaders.

LONGITUDINAL LAP JOINT PANEL CONFIGURATION. Figure 8 shows a schematic of
the longitudinal lap joint test panels CVP1 and CVP2 as well as the dimensions and location of
the strain gages. Details can be found in appendix A. Photographs of the CVP1 panel are shown
in figure 10. As shown in figure 8, there are six frames, F1 through F6, in the circumferential
direction and seven stringers, S1 through S7, in the longitudinal direction. A longitudinal lap
joint is located along stringer S4 as shown in figure 11. The joint consist of two layers of the
2024-T3 panel skin with a thickness of 0.063” and two layers of 2024-T3 finger doublers with a
thickness of 0.025”. Four rows of fasteners, A, B, C, and D, are used to connect the skin and
doublers. For rows A and D, MS20470ADS5 rivets were used with a pitch of 1.5”. For row C,
MS20470AD6 rivets were used with a pitch of 0.813”, and for row B, NAS1097AD6 rivets were
used with a pitch of 0.813”. The distance between rows A and B and rows C and D is 0.875”,
and the distance between rows B and C is 1.25”.

The initial damage configuration for the two longitudinal lap joint panels is shown in figure 12.
For both panels CVP1 and CVP2, a crack-like slit representing a lead crack was placed
symmetrically across frame F4, machined in the skin along the critical rivet row A in the
longitudinal lap splice. The total length of the lead crack was 7.0” long. Between rivet holes 2L
and 2R, the crack-like slit was saw cut with a width of 0.012”. The tips of the lead crack
emanated 0.5” from the centerline of rivet holes 2L and 2R where it was wire cut to a width of
0.008”. For panel CVP2, small multiple cracks were machined in the first 18 rivets to the left



and right of the lead crack centerline rivet designated 0. The nominal length of each crack is
indicated in figure 12. The nominal width of all the cracks was 0.008”.

CIRCUMFERENTIAL BUTT JOINT PANEL CONFIGURATION. Figure 13 shows a
schematic of the circumferential butt joint test panels CVP3 and CVP4 as well as the dimensions
and location of the strain gages. Photographs of the CVP3 panel are shown in figure 14. The
structural details of CVP3 and CVP4 test panels were similar to those in the longitudinal lap joint
panels and can be found in appendix A. Both CVP3 and CVP4 test panels have a butt joint in
the circumferential direction between frames F3 and F4 as shown in figure 15. The joint consists
of two layers of the 2024-T3 panel skin with a thickness of 0.063”, a 2024-T3 finger doubler
with a thickness of 0.025”, and a tapered doubler with a thickness of 0.071”, which tapers to a
thickness of 0.025” along the edge. Eight rows of fasteners, A through H, are used to connect
the skin and doublers. For rows A and H, MS20470ADS5 rivets were used with a pitch of 1.5”.
For rows B, C, F, and G, NAS1097AD6 rivets were used with a pitch of 0.75”, and for rows D
and E, S4931919-6 Hi-Lok pin fasteners were used with a pitch of 0.75”. The distance between
rows A and B and rows G and H is 0.875”, and the distance between rows B and C, C and D, F
and G, and E and F is 0.625”. The distance between rows D and E is 1.0”.

The initial damage configuration for the two circumferential lap joint panels is shown in figure
16. For both panels, CVP3 and CVP4, a crack-like slit representing a lead crack was placed
symmetrically across stringer S4, machined in the skin along the critical rivet row A in the
circumferential butt joint. Stringer S4 was cut to simulate a broken stringer. The total length of
the lead crack was 7.0” long. Between rivet holes 2L and 2R, the crack-like slit was saw cut to a
width of 0.012”. The tips of the lead crack emanated 0.5” from the centerline of rivet holes 2L
and 2R where it was wire cut to a width of 0.008”. For panel CVP4, small multiple cracks were
machined in the first 12 rivets to the left and right of the lead crack centerline rivet designated 0.
The nominal length of each crack is indicated in figure 16. The nominal width of all the cracks
was 0.008”.

STRAIN GAGE LOCATIONS.

Strain gages were placed on all four panels to monitor the strain distribution and to ensure proper
load introduction. The precise location of the strain gages and types of strain gages, coatings,
cables, and adhesives are provided in detail in appendix B. For the longitudinal lap joint panels
CVPI and CVP2, the approximate locations of the stain gages on the skin, frames, and stringers
are shown in figure 8. In general, 20 axial strain gages were located on both the inner and outer
flanges of the frames. The stringers were instrumented with eight axial strain gages on the
flange and hat section (see detail in figure 8). The skin was instrumented with eight strain gage
rosettes. At one location on the skin, two back-to-back 45° strain gage rosettes (gages 31 and 32)
were installed to provide a measure of bending of the skin.

For the circumferential lap joint panels CVP3 and CVP4, the approximate locations of the strain
gages on the skin, frames, and stringers are shown in figure 13. Panels CVP3 and CVP4 were
instrumented with 9 strain gage rosettes (45°) in the skin and 31 axial strain gages in the frames
and stringers. At two locations on the skin, namely at gages 36 and 37 and at gages 39 and 40,
two back-to-back 45° rosette gages were installed to provide a measure of bending of the skin.



TEST CONDITIONS.

The longitudinal lap joint and circumferential butt joint panels were subjected to the sequence of
loadings listed in tables 2 and 3, respectively. Three different quasi-static loadings were applied,
followed by fatigue loading and postfatigue residual strength loading.

Three quasi-static loadings were applied, as shown in tables 2 and 3, to determine the strain
distribution and insure proper introduction of load into the panels. In load condition la, each
panel was subjected to an internal pressure; 10.1 psi for longitudinal lap joint panels and 8.8 psi
for the circumferential butt joint panels. Hoop and frame loads were applied as reactive loads
from the internal pressure. In load condition 1b, only longitudinal load was applied. Load
conditions la and 1b were superimposed for load condition 1c. For the longitudinal lap joint
panels, load condition lc simulates the cylindrical pressurization that a section of the fuselage
along the neutral axis would experience. For the circumferential butt joint panels, load condition
lc simulates a fuselage down-bending condition that a fuselage section along the crown of the
aircraft would experience, where the longitudinal stress is 50% higher than the hoop stress.

In load sequence 2, shown in tables 2 and 3, the same load conditions as in load sequence 1c was
applied at constant amplitude and a frequency of 0.2 Hz with an R-ratio (minimum to maximum
load) of 0.1. Crack growth of the lead crack and small multiple cracks were continuously
monitored and recorded using the RCCM system.

The postfatigue residual strength test was performed using loading condition 3 as listed in tables
2 and 3. Frame F4 in longitudinal lap joint panels, which was intact prior to the residual strength
test, was saw cut midway between stringers S4 and S5 to simulate a broken frame. The panels
were statically loaded until catastrophic failure. For the longitudinal lap joint panels, the applied
loading consisted of internal pressurization with reactive hoop and frame loads with a
longitudinal stress that was 50% less than hoop stress. For the circumferential butt joint panels,
the applied loading consisted of internal pressurization with reactive hoop and frame loads, with
a longitudinal stress that was 50% higher than the hoop stress.

VERIFICATION OF TEST RESULTS.

The test results from a full-scale test conducted on an aft fuselage section of an actual narrow-
body aircraft by Boeing Aircraft Company in Long Beach, CA, were compared to the FASTER
test results. The aft fuselage test article is shown in figure 17. The test article was mounted on a
strong back fixture and pressurized quasi-statically from 0 to 7.8 psi for three tests. A section of
aircraft, from frame station 1269 to 1288 and stringer L4 to L5, was instrumented with strain
gages as shown in figure 18. The instrumented section of the aft fuselage test article has a
structure which is similar to the four curved panels tested in the FASTER facility with a similar
radius, skin thickness, and substructure detail. A 45° rosette gage was placed near skin mid-bay
location A, and uniaxial gages were placed in the cap and flange of stringer L4, locations B and
C, and the inner and outer frame cap at frame station 1269, locations E and F. The strain gage
data from the three tests are listed in the tables of appendix C. Strains measured from these
locations were compared with the strains measured at similar locations in longitudinal lap joint
panels CVP1 and CVP2.
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ANALYSIS

Geometric nonlinear finite element analyses were conducted using the commercial finite element
code ABAQUS 5.8 [12]. A full description of the analysis procedures and results are provided in
appendix D. A brief description is provided herein. In general, two analyses were conducted for
each panel: the first to predict the strain distributions and the second to compute the stress-
intensity factor (SIF) solutions. The SIF solutions were used to predict the fatigue crack growth
of the curved panels and the predictions were compared with test results.

DESCRIPTION OF MODELS.

The panels were modeled using two-dimensional shell elements with each node having six
degrees of freedom. Figure 19 shows the global view of a typical finite element model of panel
CVP3. Four-noded shell elements were used throughout to model the skin, frames, shear clip,
stringers, and intercostals, except near the crack tips. In the immediate vicinity of the crack tips,
eight-noded shell elements were used. The major geometric details of the panels were modeled,
including the cross-section properties of the substructure (frames, stringers, shear clip, and
intercostals), the dimensions of finger doublers, and the load attachment doublers. Beam
elements were used to model the rivets that connected the substructures with the skin and the
substructures to one another. The semiempirical equation developed by Swift [13], shown
below, was used to calculate the shear stiffness of the beams as:

E'd
kshear = d d )
5+ 0.8( + ]
n b

where E' = 10.5x10° psi is the effective modulus, d = 0.1875” is the fastener diameter, and ¢, =
0.063”, and £, = 0.063” are the thickness of the skin and substructure (shear clip or stringer),
respectively. To simplify the global panel modeling, the rivet holes were not modeled. The
typical finite element model of a panel had 250,000 degrees of freedom.

The load conditions specified in tables 2 and 3 were simulated in the analysis. For the hoop,
frame, and longitudinal loads, nodal point forces were applied at the load application points in
the actual test, as shown by the arrows in figure 19. Internal pressure was applied to the inner
surface of the skin.

THE MODIFIED CRACK CLOSURE INTEGRAL (MCCI) METHOD.

In the MCCI approach [14-16], it is assumed that the energy released during crack extension is
the same as the work that would be needed to close the crack, and that the energy released can be
related to the four components of SIF. The four components of SIF are the Mode I SIF caused
by tensile load, K;, the Mode II SIF cause by in-plane shear load, K, the SIF due to symmetric
bending loads, k;, and the SIF due to out-of-plane shear and twist loads, k,, as shown in
figure 20.
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The MCCI method approximates the rate of work needed to close a crack using the local crack
tip displacements and forces. The displacements and forces at the nodes of the four elements
surrounding the crack tip were obtained from the finite element results for each crack length, as
shown in figure 20. The work (#;) done to close a crack of length, Aa, for each nodal degree of
freedom is given by [16]:

P R g

where ¢ is the thickness of the panel, F is the force needed to close the crack surfaces, u is the
displacement component on each surface of the crack, and i denotes the degree of freedom
(DOF). The total amount of work done to close a crack of length, Aa, is numerically equal to the
total amount of strain energy released during a crack growth increment of Aa, and the
components of strain energy release rate can be related to the stress-intensity factors. Thus, the
work done to close the crack is related to the SIFs as:
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where £ = 10,500 ksi and v = 0.3 are the Young’s modulus and Poison’s ratio of the panel skin
material and K, K, k;, and k;, are the SIFs described earlier. Only the Mode I SIF, K;, was used
to predict the fatigue crack growth behavior because, as will be shown, it was found to be the
dominant SIF compared to the other modes.

RESULTS AND DISCUSSION

The effects of a lead crack and multiple cracking on the strain distribution, fatigue crack growth,
and postfatigue residual strength for both the longitudinal lap joint panels (CVP1 and CVP2) and
the circumferential butt joint panels (CVP3 and CVP4) were studied. In the following sections,
strain survey test results and analytical predictions are first discussed, followed by the fatigue
crack test results, and lastly, the residual strength test results.
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STRAIN SURVEY.

The strain distribution was measured and predicted at ten equal load increments up to the
maximum values for load sequences la through Ic in tables 2 and 3 for the longitudinal lap joint
and circumferential butt joint panels, respectively. The strain gage locations for each joint
configuration are shown in figures 8 and 13 and appendix B. Details of the predicted strains are
provided in appendix D.

The strain survey test was repeated twice using water and twice using air for each panel to verify
the repeatability of the results and determine the effect of the pressurizing media. The raw data
from the strain survey for the strain gages on each panel are listed in the tables in appendix E. In
the tables, for each test condition (1a, 1b, and Ic) and run (Air 1 and 2, Water 1 and 2), applied
loads and strains measured at each gage at each of the ten equal load increments up to the
maximum loads are listed.

The raw data was reduced to remove the strain offset that occurred due to preloading after the
panel was installed in the fixture. In the strain gage data reduction, the first three data points
were removed to minimize the effects of preloading and free play. A linear regression using a
least squares method was used to curve-fit the remaining data set to the following first order
polynomial:

E=Ay+B (8)

where ¢ is the dependent strain variable, ) the independent load increment variable, 4 the slope,
and B the ordinate intercept. Parameter B was used to define the zero load offset used to shift all
data in the set. The reduced strain gage data is listed in appendix F at the ten equal load
increments up to the maximum loads for each load sequence. Cross-reference tables in appendix
E list the corresponding values of the applied loads.

In general, for all panels tested, strain gage results from the four runs were repeatable for gages
measuring strain in the principle loading direction. In particular, strains measured in the skin, the
stringer cap, and outer cap of the frames had the least amount of scatter. Strains measured in the
inner frame cap had the most scatter. Complete results are given in appendix F. Representative
results are discussed for each joint configuration in the subsequent sections.

LONGITUDINAL LAP JOINT CONFIGURATION. The hoop strain at a rosette strain gage
located in the skin mid-bay, as a function of applied pressure, is shown in figure 21 for panel
CVPI (lead crack only) and panel CVP2 (lead crack and multiple cracks). The load was applied
in ten equal increments up to the maximum values listed for test condition 1c (table 2), which
simulates a cylindrical pressurization. For each panel, the test was repeated twice using water
and twice using air. As shown in the figure, the strains are nearly identical for both panels for all
four runs, indicating that small multiple cracks have no effect on the global strain response at the
given load level. As expected, there were no differences in the results when air or water was
used to pressurize the panel.
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In addition, the three sets of results from the Boeing full-scale test (appendix C) measured from a
rosette strain gage in the skin mid-bay location are plotted in figure 21. The Boeing full-scale
test results are repeatable and match the results from CVP1 and CVP2 panels up to the maximum
pressure of 7.8 psi. This indicates that the loading applied using the FASTER facility closely
resemble the pressurization of a fuselage structure.

Also shown in figure 21 is a plot of the results predicted using the ABAQUS finite element
analysis as described in detail in appendix D. The prediction from analysis shown by the solid
curve in the figure is in good agreement with the experimental data validating the finite element
analysis.

Similar results are shown in figures 22-27 for other strain gage locations for test condition 1lc
(table 2). In general, strain gage results from panels CVP1 and CVP2 were repeatable and in
close agreement with the Boeing full-scale test results for the skin mid-bay location (figures 22
and 23) for the outer fame cap (figure 24) and the stringer cap (figure 25). For strain gage results
from the two panels measured at the frame inner cap (figure 26) and the stringer flange (figure
27), the agreement with the Boeing full-scale test results is not as good due to more scatter.
Overall, trends in the results show good agreement with the Boeing full-scale test and provide
confidence that the applied loads were introduced into the panels correctly.

The hoop strain in the skin for panels CVP1 and CVP2 for test condition 1c (table 2) is shown in
figure 28. The data shown for each panel is the average of the four tests conducted. As shown in
the figure, the magnitudes of the measured strains in both panels were similar and the
distributions were nearly uniform in the middle of the panels. Thus, multiple cracking did not
effect the overall strain response.

CIRCUMFERENTIAL BUTT JOINT CONFIGURATION. The longitudinal strain in the skin
mid-bay, as a function of load step, is shown in figure 29 for panel CVP3 (lead crack only) and
panel CVP4 (lead crack and multiple cracks). The load was applied in ten equal increments up
to the maximum values listed for test condition 1c (table 3), which simulates a fuselage down
bend condition. For each panel, the test was repeated twice using water and twice using air. As
shown in the figure, the strains are nearly identical for both panels for all four runs indicating
that small multiple cracks have no effect on the global strain response at the given load levels.
As expected, there were no differences in the results when air or water was used to pressurize the
panel. Predictions from analyses, shown by the curves, were in excellent agreement with the
experimental data.

The longitudinal strain in the skin for panels CVP3 and CVP4 for test condition 1c (table 3) is
shown in figure 30. In addition, the distribution of longitudinal strain in the stringer is shown in
figure 31 for both panels for test condition 1c (table 3). The data shown in both figures for each
panel is the average of the four tests conducted. As shown in the figures, the magnitudes of the
measured strains in both panels were similar.

In general, similar trends in strain gage data were obtained at the other gage locations in the both

joint configurations. That is, experimental results were very repeatable and the analytical
predictions were in good agreement with the test results. Measured strains were nearly uniform
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in the middle of the panel. This provides confidence that the applied loads were introduced
properly and the models have enough fidelity to capture the mechanical response. In addition,
the small multiple cracks had no effect the global strain response.

FATIGUE CRACK GROWTH.

The fatigue crack growth was measured during the constant amplitude loading, defined by load
sequence 2 in tables 2 and 3 for the longitudinal lap joint and circumferential butt joint panels,
respectively. The growth of the lead crack and the multiple cracks was monitored and recorded.
Details of the analysis procedure and results are provided in appendix D. All experimental
fatigue crack growth data is provided in the tables of appendix G. Representative results are
presented for each joint configuration.

LONGITUDINAL LAP JOINT CONFIGURATION. Photographs of crack extension under
fatigue loading obtained from the RCCM system are shown in figures 32 and 33 for panels
CVPI and CVP2, respectively. The photographs illustrate the damage growth process from the
original slit to the first neighboring rivet (3R and 3L). The block size of the grid paper on the top
of each photograph is 0.05”. In general, for both panels, the crack extension was symmetric and
collinear indicating a symmetric load in the region of the crack. As the crack length increased,
the in-plane crack opening displacement increased indicating Mode I crack growth. Some Mode
IIT crack growth was assumed to occur where out-of-plane (bulging) deflection of one of the
crack faces occurred opposite to the lap joint along stringer S4. There was little deflection of the
crack face reinforced by the lap joint.

For panel CVPI, the crack growth rate of the lead crack increased as the crack tip approached the
rivet directly ahead. In the test shown in figure 32, after 3850 cycles, the lead crack on the right-
hand side grew 4.2575 inches and the tip was approximately 0.2” from rivet hole 3R. In the next
40 cycles, the crack grew 0.15” and the tip was only 0.05” from the rivet hole. Shortly
afterwards, at 3916 cycles (an additional 26 cycles) the lead crack grew into rivet hole 3R. A
large number of cycles were required to reform the crack on the opposite side of the rivet hole
(an additional 909 cycles) for a total of 4825 cycles.

For panel CVP2, the crack growth rate of the lead crack and the small crack increased as they
grew closer together. As shown in figure 33, fatigue cracks formed from the small crack notches
at rivets 3L and 3R when the lead crack tip was approximately 0.25” from the small crack notch
tip after 2852 and 3000 cycles, respectively. The lead crack and the smaller crack then grew
faster when at approximately 0.15” apart, the lead crack and the small crack linked up within
four cycles, as shown in the photographs taken on the left side at 2884 and 2888 cycles. The
crack reformed on the opposite side, as shown, after 3000 cycles.

The predicted stress-intensity factor ranges for the lead crack in panels CVP1 and CVP2 are
listed in table 4 and shown in figure 34. The numbers inside the circles along the x axis
represent the location of rivets. As shown in the figure, AK;, which governs Mode I crack
growth, is the dominant SIF range. The next highest SIF range, Ak,, which would cause Mode
IIT crack growth, was not significant. Thus, as stated earlier, only the Mode I SIF was used to
predict the crack growth. For short crack lengths, the values of the SIF were similar for both
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panels. For CVP2, the SIF increased compared to CVP1 as the lead crack tip approached the
rivet directly ahead due to the small cracks at the rivet hole.

The half length of the lead crack, as a function of number of fatigue cycles, is shown in figure 35
for panels CVP1 and CVP2. The initial half-crack length prior to loading was 3.5”. Loading
condition 2 (table 2) was used to simulate a cylindrical pressurization. In figure 35, the circular
and square symbols represent the measured crack lengths at both the left and the right crack tips,
respectively, for each panel. The numbers inside the circles along the y axis represent the
location of rivets. For panel CVP1, indicated by the open symbols, the vertical jumps indicate
crack extension across a rivet hole. When this happened, the crack length increased
instantaneously by the diameter of the rivet hole. The rate of crack growth increased as the crack
tips approached the rivet holes. The horizontal segments shown in the plot indicate the number
of cycles before the crack reformed on the opposite side of the rivet hole. As the crack length
increased, the delay in crack reformation (incubation period) decreased due to the larger crack
driving force. For panel CVP2, which contained multiple cracks, the vertical jumps in the
experimental data indicate linkup of the lead crack and a small multiple crack. When this
happened, the crack length increased instantaneously by the diameter of the rivet hole plus the
lengths of the small cracks at that rivet. There was no crack reformation. The length of the lead
crack front instantaneously grew the length of the small cracks located in the rivets directly
ahead. As a result, the number of cycles needed to grow the lead crack to the final length
(~12.5 inches) in panel CVP2 was approximately 37%, less than that in panel CVP1.

The Mode I SIF range, AK;, (figure 34) and the crack growth data for 2024-T3 aluminum [17-
19] were used in a cycle-by-cycle crack growth analysis program to predict the fatigue crack
growth in panels CVP1 and CVP2, also shown in figure 35. A complete description of the
analysis procedure is provided in appendix D. Briefly, the rivet holes were not explicitly
modeled in the finite element analysis. For panel CVPI, crack growth across rivet holes,
indicated by the vertical jumps in the curve, was modeled by instantaneously increasing the
length of the crack by the diameter of the rivet hole when the crack reached the rivet. For panel
CVP2, crack growth across the rivets was modeled by instantaneously increasing the length of
the crack by the diameter of the rivet plus the length of the small cracks at the rivet when the lead
crack reached the first small multiple crack. It is important to note that only AK; was used to
predict crack growth since it was the dominant SIF. There were indications of other loading
modes, specifically the Mode III from the Ak, calculated from analysis and from the crack-
bulging deflection observed during the test. Mode III crack growth was not included in the crack
growth analysis due to the lack of experimental crack growth data. Good agreement was
obtained between experiments and predictions relying on AK;. For CVP2, the growth of the
small multiple crack in the rivet ahead of the lead crack was not accounted for in the analysis.

In figure 36, the crack tip positions of the lead crack and the small cracks at the rivet holes ahead
of the lead crack are plotted as a function of the number of cycles for panel CVP2. The labeled
circles on the x axis denote the rivets directly ahead of the lead crack on the left and right hand
sides. In general, fatigue cracks formed from the small crack notches when the lead crack tip
was an average distance of 0.426” from the small crack notch tip. The average length of
observable cracks formed from the notches was 0.019”. The rate of crack growth of the lead
crack and the small crack increased as their tips grew closer together. Sudden linkup of the lead

16



crack and small crack occurred within an average of four cycles when the average distance of
their tips reached 0.238”. In general, this process repeats itself. On one occasion, at rivet 4R, the
lead crack and the small crack grew past each other, as shown in the inset of figure 36.

As the damage grew during fatigue loading, the strain distribution changed as shown in figure 37
for panel CVP2. In this figure, the hoop strain at a gage located in the mid-bay of the skin,
SG35T, and a gage located in a frame, SG10, is plotted as a function of the lead crack length
normalized with respect to the distance of the strain gages from the crack centerline. When this
ratio is equal to one, the crack tip and the strain gage location coincide. For a value less than
one, the crack is growing towards the gage, and for a value greater than one, the crack has grown
past the gage. As shown in the figure, the value of strain in gage SG35T increased as the crack
grew and reached a maximum value when the crack tip and gage location coincided. The value
of strain decreased as the crack grew past the gage SG35T. For gage SG10, the value of strain
increased as the crack grew closer to the gage. The fatigue test was stopped before the crack tip
reached SG10.

CIRCUMFERENTIAL BUTT JOINT CONFIGURATION. Photographs of crack extension
under fatigue loading obtained from the RCCM system are shown in figure 38 and figure 39 for
panels CVP3 and CVP4, respectively. The photographs illustrate the damage growth from the
original slit to the first neighboring rivets on either side (3R and 3L). The block size of the grid
paper on the top of each photograph is 0.05”. For panel CVP3, the lead crack growth rate
increased as the crack approached the rivet directly ahead. As shown in figure 38, after 4715
cycles, the lead crack tip was approximately 0.15” from rivet hole 3R. Shortly afterwards, at
4918 cycles, the lead crack grew into rivet hole 3R. An additional 1307 cycles were required for
the crack to reform on the opposite side of the rivet hole.

The crack growth of the lead crack and small crack directly ahead is shown in figure 39 for panel
CVP4. In general, it was observed that when the path of lead crack projected above or below the
rivet directly ahead, the lead crack and adjacent small crack grew past each other. This is shown
in the photographs on the left side of figure 39. If the path of the lead crack was in a direction to
intersect the rivet directly ahead, the crack tips coalesced as shown in the photographs on the
right side of figure 39.

The predicted stress-intensity factor ranges for the lead crack in panels CVP3 and CVP4 are
listed in table 5 and shown in figure 40. The numbers inside the circles along the x axis
represent the location of rivets. As shown in the figure, AK;, which governs Mode I crack
growth, is the dominant SIF range. The next highest SIF range, Ak,, which would cause Mode
III crack growth, was not significant. Thus, as stated earlier, only the Mode I SIF was used to
predict the crack growth. For short crack lengths, the values of the SIF were similar for both
panels. For CVP4, the SIF increased, compared to CVP3, as the lead crack tip approached the
rivet directly ahead due to the small cracks at the rivet hole. In both cases, for crack lengths
longer than the stringer spacing of 7.5”, the SIF range reduced due to the stiffening of stringers
bridging the crack.

The fatigue crack growth behavior of panels CVP3 and CVP4 is shown in figure 41. The initial
half crack length prior to loading was approximately 3.5”. Loading condition 2 (table 3) was

17



used to simulate a narrow-body fuselage down bending where the longitudinal stress was 50%
higher than the hoop stress. In figure 41, the circular and square symbols represent the measured
crack lengths of the left and the right crack tips, respectively, from both panels. The numbers
inside the circles along the y axis indicate the locations of the rivets. For panel CVP3, crack
growth across a rivet hole is indicated by a vertical jump in the data, where the crack length
instantaneously increases by a length equal to the hole diameter. The horizontal segments shown
in the plot indicate the incubation period or the number of cycles for the crack to reform on the
opposite side of the rivet hole. For panel CVP4, which contained multiple cracks, the vertical
jumps in the experimental data indicate the point when the lead crack and small multiple crack
linked up. When this happened, the crack length increased instantaneously by the diameter of
the rivet hole plus the lengths of the small cracks at that rivet. There was no crack reformation.
The small crack at the rivet hole on the opposite side became the new lead crack front. As a
result, the number of cycles to grow the lead crack to the third rivet hole in panel CVP4 was
approximately 27% less than that in panel CVP3. At the third rivet holes, 5R and 5L, the crack
tips had just reached the first intact stringers (S3 and S5), increasing the incubation period for
panel CVP3 and decreasing the subsequent crack growth rate for both panels.

The Mode I SIF range, AK;, (figure 40) and the crack growth data for 2024-T3 aluminum [17-
19] were used in a cycle-by-cycle crack growth analysis program to predict the fatigue crack
growth in panels CVP3 and CVP4, also shown in figure 41. Details of the analysis procedure are
provided in appendix D. Briefly, the analysis based on AK; was in good agreement with the test
data for crack growth in both panels until the crack reached the third rivet hole. Little crack
bulging was observed during the test, indicating that the crack growth was primarily due to Mode
I loading.

The crack tip positions of the lead crack and the small cracks at the rivet holes ahead of the lead
crack is plotted as a function of the number of cycles for panel CVP4 in figure 42. In general,
fatigue cracks formed from the small crack notches when the lead crack tip was an average
distance of 0.283” from the small crack notch tip. The average length of observable cracks
formed from the notches was 0.0115”. The crack tips coalesced at rivets 3R and 4R while they
grew past each other at rivets 3L, 4L, 5L, and SR, as shown in the inset of figure 42. Cracks
typically reformed from the notch tip of the crack on the opposite side once linkup occurred or as
soon as the two cracks grew past each other.

Strain redistribution occurred as fatigue cracks formed and grew in panels CVP3 and CVP4 as
shown in figure 43. In this figure, the longitudinal strain at a gage located in the mid-bay of the
skin, SG36L, and a gage located in a stringer, SG26, is plotted as a function of the lead crack
length normalized with respect to the distance of the strain gages from the crack centerline for
both panels. When this ratio is equal to one, the crack tip has grown to the strain gage location.
For a ratio value less than one, the crack is growing towards the gage, and for a ratio value
greater than one, the crack has grown past the gage. As shown in the figure, the strain measured
in gage SG36L in both panels reaches a maximum when the crack tip and gage location
coincided. The value of strain decreased as the crack grew past gage SG36L. For gage SG26,
the measured strain increased as the crack grew closer to the gage and is maximum when the
crack grew up to the gage. Note that the trends of the results for both panels are nearly identical.
This provides confidence that the applied loadings, data acquisition characteristics, and test
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procedure were the same for both panels, that the test data is repeatable and reliable, and that the
small multiple cracks had no effect on the global strain response.

COMPARISONS WITH OTHER DATA. The fatigue crack growth data generated in this study
was compared with similar data previously generated by Boeing Aircraft Company [20] on wide-
body panels using a full-barrel test fixture. Similar to the damage in the CVP1 and CVP2 panels,
the initial damage configuration for the Boeing wide-body panels consisted of a two-bay crack in
the outer rivet row of a longitudinal lap joint with (test 2) and without (test 1) smaller, collinear
multiple cracks approximately 0.05” long. Unlike the CVP1 and CVP2 panels representing a
narrow-body aircraft fuselage structure, the Boeing panels represented wide-body aircraft
fuselage structure having a radius of 127”. Other differences include the joint configuration,
substructure details, and the loading fixture. The raw data for the Boeing full-scale test is shown
in table H-1 of appendix H for a baseline panel containing only a lead crack, test 1, and a second
panel containing the same lead crack configuration with the addition of multiple cracks, test 2.

For panel test 1, a 5” saw cut was made in the central tear strap and the outer rivet row of the
skin placed symmetrically across a frame. The lead crack tips terminated at fastener holes.
Consequently, no cracks developed after 1170 cycles. Similar phenomena was observed in panel
CVPI after the lead crack grew into a fastener hole, a number of cycles were required to reform
a crack on the opposite side of a hole. For test 1, the lead crack tips were saw cut 0.25” beyond
the fastener holes to a length of 5.71”, and the test was resumed. Stable fatigue crack growth
occurred up to 3101 cycles, where the total crack length was 36.91”, at which fatigue loading
was terminated.

For panel test 2, small multiple cracks were saw cut in the outer rivet row of the skin. In
addition, a 5” saw cut was placed symmetrically across a frame in the outer critical rivet row of
the skin. The tips of the lead crack extended 0.05” beyond the fastener holes. Unlike panel test
1, the central tear strap was intact prior to testing panel test 2. After 281 cycles, no crack growth
was observed in panel test 2 and the tear strap was cut to match the initial condition in panel
test 1. The test was then resumed. Stable crack growth occurred up to 1231 cycles, where the
total crack length was 17.20”. At 1233 cycles, dynamic crack extension occurred, where the
total crack length was 37.44”, at which fatigue testing was terminated.

To compare the results from panel test 1 and panel test 2, the raw data was reduced (appendix H)
so that the initial damage configurations and corresponding cycle counts in both panels
matched—an initial crack length of 5.71” with the central tear strap severed. For panel test 1, the
cycle count data was shifted by 1171 cycles corresponding to a crack length of 5.71”. For test 2,
the cycle count data was shifted by 451 cycles corresponding to a crack length of 5.71”, which
was approximated using a linear interpolation. In addition, the final crack lengths used were
matched to correspond to stable fatigue crack growth. For panel test 1, the final crack length
assumed in the comparison was 17.20”, which was selected to best compare with that in panel
test 2, where the final crack length for stable cracking was 17.30”. The reduced data is shown in
table H-2 in appendix H for panel tests 1 and 2.

A comparison of the fatigue crack growth data generated for CVP1 and CVP2 panel with the
Boeing full-scale barrel panels, test 1 and test 2, is shown in figure 44. The circular symbols are
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the data set from the CVPI (baseline) and the CVP2 (multiple crack) panels. The square
symbols are the data set from the Boeing test for the baseline panel containing only a lead crack
(test 1) and for the second panel containing the same lead crack configuration with the addition
of multiple cracks (test 2). For each data set in the figure, the crack length data and the cycle
count data were normalized with respect to the final crack length and final cycle count for the
baseline panel. As shown in figure 44, the normalized fatigue crack growth data from both sets
have similar rates. In addition, both data sets show that small multiple crack caused a reduction
in the number of cycles to grow the crack to a predetermined length. For the current study, a
37% reduction was measured; and for the Boeing full-scale barrel tests, a 54% reduction was
measured.

RESIDUAL STRENGTH.

After the fatigue loading, each panel was loaded quasi-statically to failure to measure the crack
growth and residual strength. The lead crack length for the longitudinal lap joint panels (CVP1
and CVP2) was approximately 25” and for the circumferential butt joint panels (CVP3 and
CVP4) was approximately 19”. For longitudinal lap joint panels, the frame directly underneath
the crack centerline, frame F4, was cut prior to the residual strength test to simulate a broken
frame. For the circumferential butt joint panels, stringer S4 had already been cut to simulate a
broken stringer. All the residual strength data is provided in the tables of appendix I.
Representative results are presented for each joint configuration.

LONGITUDINAL LAP JOINT CONFIGURATION. Results from the residual strength test of
panels CVP1 and CVP2 are shown in figure 45, where the square and circular symbols represent
the crack extension for the left and right crack tips, respectively. The numbers inside the circles
along the x axis indicate a rivet location. During the test, cylinderical pressurization was applied
quasi-statically, and the crack extension measured up to panel failure. In the initial stages of
loading, slow stable crack extension was observed in both panels up to 10.25 psi pressure for
panel CVP1 and 8.5 psi pressure for panel CVP2. The crack grew rapidly through rivets 9
through 11 on both the right and left side to the first intact frames (F3 and F5) for both panels,
and then were arrested. An increase of pressure was required to grow the cracks past the frames
in both panels, and stable crack extension continued until catastrophic failure occurred at 11.14
psi for panel CVPI1 and 9.16 psi for panel CVP2. The presence of multiple cracks reduced the
residual strength by approximately 20%.

The position of the lead crack tip and the small multiple crack tips at rivets 9R through 18R are
plotted as a function of the applied pressure in figure 46 for the right side of panel CVP2. In the
figure, the point at which the lead crack and small crack directly ahead of it coalesced is called
the linkup position and is indicated in the plot by the two arrowheads in contact. The direction
of crack growth, right or left, is indicated by the arrowheads. Initially, stable crack extension of
the lead crack occurred where an increase in applied pressure to 8.44 psi was required to grow
the crack. At 8.44 psi, the lead crack and the small crack at rivet 9R linked. The crack at rivet
9R had grown during the loading, so the new crack front was at approximately 14”. The applied
pressure was increased to 8.57 psi, where the lead crack and small cracks at rivets 10R through
15R suddenly merged. Crack growth was then arrested due to the intact frame located at rivet
13R. With increase in the applied pressure to 8.60, 8.8, and 9.019 psi, linkup occurred between
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the lead crack and small multiple cracks at rivets 15R, 16R, and 17R, respectively. At an applied
pressure of 9.16 psi, panel CVP2 failed catastrophically. It was observed that the lengths of the
small multiple cracks at linkup were nearly constant with an average length of 0.3697”.

CIRCUMFERENTIAL BUTT JOINT CONFIGURATION. The load application points failed
prematurely during the residual strength test of panel CVP3. A tab end failed first at the
longitudinal load application point as shown in figure 47. During the original fatigue loading of
CVP3, a fatigue crack initiated from a manufacturing flaw at the stop-drill hole at the end of a
load transfer slot. The fatigue crack grew and caused the end tab to break during the first
residual strength test attempt. The tab end was repaired and the residual strength test was
resumed. The tab ends at several longitudinal load application points then failed as shown in
figure 48. At these locations, the tab ends delaminated, resulting in bearing failures of the tab
ends. All tab ends were then reinforced with several layers of 4130A steel doublers as shown in
figure 49. The doubler layers were cold bonded using EA9309.3NA and bolted together using
NAS 6204 and 6205 steel bolts. After reinforcing all tab ends at the longitudinal load
application points, the residual strength test was resumed and the panel failed in the test section
during the third test attempt.

Results from three residual strength tests for panel CVP3 are shown in figure 50, where each of
the three runs is shown using different symbols. Crack growth began at a pressure of 17 psi in
the first run. Stable tearing then occurred up to a pressure of 19.1 psi. At this point, one of the
load attachment points failed and the test was stopped. The broken load attachment point was
repaired and the test was restarted from zero load. During the second run, the panel was loaded
monotonically up to a pressure of 18.4 psi, then stringer S3 broke causing a large amount of
crack extension at the left crack tip. One of the longitudinal load application reinforcement
doublers delaminated at one of the load application points. After repairing the panel a second
time, the panel was loaded again. In the third run, stringer S5 failed at an applied pressure of 17
psi, causing the crack to extend to the next intact stringers S2 and S6. The panel then failed
catastrophically at a pressure of 17.9 psi. Note that after each attempt of residual strength, the
maximum load reduced.

The effect of multiple cracking on the residual strength of the circumferential butt joints cannot
be accurately quantified since the final residual strength of panel CVP3 could not be determined.
However, the effect of multiple cracking on the damage growth process can be seen using the
first test done for the residual strength. Figure 51 shows the results from the first residual
strength test for panel CVP3 and the residual strength test for panel CVP4. In this figure, the
numbers inside the circles along the x axis indicate the location of rivets. For panel CVP3,
growth of the lead crack was slow and stable up to rivet 7. A continuous increase in load was
required to extend the crack. However, the load attachment point failed prematurely. For panel
CVP4, once the lead crack started to grow, the subsequent growth was very rapid through rivet 7.
Catastrophic failure of panel CVP4 occurred at a pressure of 20.75 psi.

The position of the lead crack tip and the small multiple crack tips at rivets 6L through 12L is
plotted as a function of the applied pressure in figure 52 for the left side of panel CVP4. In the
figure, the point at which the lead crack and small crack directly ahead coalesce is called the
linkup position and is shown in the plot by the two arrowheads in contact. The direction of crack
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growth, left or right, is indicated by the arrowheads. At an applied pressure of 20 psi, the lead
crack and the small crack at rivet 7L linked up. The crack from rivet 7L continued to grow on
further increase in applied pressure. At an applied pressure of 20.75 psi, panel CVP4 failed
catastrophically. The lengths of the small multiple cracks at linkup were nearly constant, with an
average length of 0.4374”.

COMPARISON WITH OTHER DATA. The residual strength data generated in this study was
compared with similar data previously generated by the Boeing Aircraft Company [20 and 21]
on wide-body panels, using a full-barrel test fixture, and by Foster Miller [22] on narrow-body
panels, using a panel pressurization fixture. The Boeing panels tested [20 and 21] represented
wide-body aircraft fuselage structure having a radius of 127”. For the panels tested in reference
20, a floating frame construction was used and for the panels tested in reference 21, a shear-tied
frame construction was used. Similar to FAA longitudinal lap joint panels CVP1 and CVP2, the
Boeing panels had an initial damage configuration of a two-bay crack in the outer rivet row of a
longitudinal lap joint with and without smaller, collinear multiple cracks with a length of
approximately 0.05”. In addition, the central frame was severed.

The Foster Miller (FM) panels tested [22] represented narrow-body fuselage structure having a
radius of 75”. Different from the two-bay crack configurations for the FAA and Boeing tests, the
FM panels had an initial damage configuration of a single-bay crack in the outer rivet row of a
longitudinal lap joint with and without smaller, collinear multiple cracks with a length of
approximately 0.05”. Other differences among the FAA, Boeing, and FM tests include the joint
configuration, skin thickness, substructure details, and the loading fixture employed.

The reduction of residual strength due to multiple cracks measured in these tests is compared in
figure 53. As shown in three of the four tests, an approximate 20% reduction in the residual
strength was measured. For the shear-tied panels tested by Boeing [21], the residual strength
was reduced by ~10% due to multiple cracks.

POSTTEST OBSERVATIONS AND ANALYSIS.

After the residual strength tests, all panels were examined to determine the extent of damage. In
general, the final state of damage was similar for the two panels of each joint configuration.
Posttest analysis of the strains was conducted to interpret the observed damage.

LONGITUDINAL LAP JOINT CONFIGURATION. The final state of damage in panel CVP1
is shown in the photographs in figure 54 (the final state of damage in panel CVP2 was similar).
As shown in the figure, the skin crack grew to a length of approximately 68”. A large amount of
permanent bulging of the crack faces occurred. A considerable amount of damage occurred to
the substructure as frames F3 and F5 were fractured (frame F4 was cut prior to the residual
strength test).

Analysis of the residual strength test data of panels CVP1 and CVP2 shows that frames F3 and
F5 fractured due to load transfer from the skin to the frame as the crack grew. In both panels, the
frame failure occurred from the hi-lok connecting the outer flange of the frame to the stinger as
shown in the photograph in figure 55 for CVP1. In both panels, a strain gage was located in the
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frame approximately 3” from this crack site. The strain measured by the strain gage and the
crack length is plotted as a function of applied pressure for panels CVP1 and CVP2 in the graph
in figure 55. As shown, the value of strain increased gradually with pressure. When the crack
reached frame F5 there was an abrupt increase in the strain. Values of strain of 4958 pe and
5219 pe were measured in frame F5 at failure for panels CVP1 and CVP2, respectively.

CIRCUMFERENTIAL BUTT JOINT CONFIGURATION. The final state of damage in panel
CVP3 is shown in figures 56 and 57 (the final state of damage in panel CVP4 was similar). The
photographs in figure 56 show the crack path along the original rivet row, the change in crack
path from the original rivet row, and the fractured doublers at the load transfer slots. Once the
doublers fractured, the panel was broken completely in half. A considerable amount of damage
occurred to the substructure where all seven stringers fractured during the residual strength test
as shown in the photographs in figure 57.

The maximum strain measured in stringer S5 is plotted as a function of applied pressure in figure
58 for both panels. Data plotted for panel CVP3 is from the first residual strength test attempt.
As shown, the value of strain increased linearly as the pressure increased. Values of strain of
3710 pe and 3992 pe were measured in frame S5 at failure for panels CVP3 and CVP4,
respectively.

CONCLUDING REMARKS

An experimental and analytical investigation was undertaken to assess the effects of multiple
cracking on the fatigue crack growth and residual strength characteristics of curved panels with
either a longitudinal lap splice or a circumferential butt joint. The Full-Scale Aircraft Structural
Test Evaluation and Research (FASTER) facility was used to apply realistic loading conditions
to curved panels representing fuselage sections. Both quasi-static and constant-amplitude fatigue
loadings were applied to the panels. A geometrically nonlinear finite element analysis was used
to determine the strain distribution in the panels and the fracture parameters necessary for
predicting the fatigue crack growth behavior of the panel were calculated.

A total of four panels were tested, two panels with a longitudinal lap splice and two with a
circumferential butt joint. For each joint configuration, one panel contained only a lead crack
and the other contained a lead crack with small multiple cracks. Strains were measured under
quasi-static loading conditions to ensure proper load introduction to the panels. The strain
measurements were highly repeatable and were in good agreement with the finite element
analyses. The presence of multiple cracks did not affect the overall global strain response.

In general, symmetric, collinear crack propagation was observed under constant-amplitude
fatigue loading for the four panels tested. Reasonable agreement was obtained between
experimental fatigue crack growth data and predictions relying on the Mode I stress-intensity
factors calculated from finite element analyses of the test panels. The number of cycles to grow
a fatigue crack to a predetermined length was reduced by approximately 37% due to the presence
of multiple cracks for the longitudinal lap joint panels and 27% for the circumferential butt joint
panels.
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Residual strength tests were conducted on each panel after the fatigue loading. For the curved
panels with the longitudinal lap splice, the initial damage consisted of a two-bay crack with a
length of approximately 25” with the central frame cut. The presence of multiple cracks reduced
the residual strength of the panels with a longitudinal lap joint by approximately 20%. For the
curved panels with the circumferential butt joint, the initial damage consisted of a four-bay crack
with a length of approximately 19” with the central stringer cut. The residual strength of the
baseline panel containing only a lead crack was not measured due to premature failures at the
load application points. Consequently, the effect of multiple cracks on the residual strength of
the circumferential butt joint configuration could not be quantified. However, it was observed
that the growth of lead crack into the first rivet was more rapid for the panel containing multiple
cracks.

REFERENCES

1. Newman, J.C., Jr., “A Crack-Closure Model for Predicting Fatigue Crack Growth Under
Aircraft Spectrum Loading,” American Society for Testing and Materials, USA, Special
Technical Publication 748, 1981, pp. 53-84.

2. Newman, J.C., “Finite Element Analysis of Crack Growth Under Monotonic and Cyclic
Loading,” American Society for Testing and Materials, USA, Special Technical
Publication 637, 1977, pp. 56-80.

3. Harris, C.E., Newman, J.C., Piascik, R.S., and Starnes, J.H., “Analytical Methodology for
Predicting the Onset of Widespread Fatigue Damage in Fuselage Structure,” Proceedings
of FAA-NASA Symposium on Continued Airworthiness of Aircraft Structures,
DOT/FAA/AR-97/2, July 1997.

4. Atluri, S.N. and Nishioka, T., Engineering Fracture Mechanics, Vol. 20, 1984, pp. 209-
244,

5. Wang, L., Brust, F.W., and Atluri, S.N., “Predictions of Stable Growth of a Lead Crack
and Multiple-Site Damage Using Elastic-Plastic Finite Element Alternating Method
(EPFEAM),” Proceedings of FAA-NASA Symposium on Continued Airworthiness of
Aircraft Structures, DOT/FAA/AR-97/2, July 1997.

6. Broek, D., “Effects of Multi-Site Damage on the Arrest Capability of Aircraft Fuselage
Structures,” FractuREsearch, Inc., USA, TR 9302, 1993.

7. Swift, T., “Widespread Fatigue Damage Monitoring—Issues and Concerns,” Proceedings
of 5™ International Conference on Structural Airworthiness of New and Aging Aircraft,
Federal Republic of Germany, DGLR-Bericht 93-02, 1993, pp. 133-150.

8. Bakuckas, J.G., Nguyen, P.V., and Bigelow, C.A., “Bulging Factors for Predicting
Residual Strength of Fuselage Panels,” Proceedings of the 19th Symposium of the
International Committee on Aeronautical Fatigue, ICAF 97, Edinburgh, United
Kingdom, 1997, pp. 179-196.

24



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Tan, P.W, Bigelow, C.A., and Bakuckas, J.G., Jr., “Widespread Fatigue Damage
Assessment,” Applied Vehicle Technology Panel (AVT), Life Management Techniques
for Aging Air Vehicles, Manchester, UK, 8-11 October 2001.

Bakuckas, J.G., Jr., Bigelow, C.A., and Tan, P.W., “The FAA Full-Scale Aircraft
Structural Test Evaluation and Research (FASTER) Facility,” Proceedings from the
International Workshop on Technical Elements for Aviation Safety, Tokyo, Japan, 1999,
pp- 158-170.

Bakuckas, J.G., Jr., Akpan, E., Zhang, P., Bigelow, C.A., Tan, P.W., Awerbuch, J., Lau,
A., and Tan, T.M., “Experimental and Analytical Assessments of Multiple-Site Cracking
in Aircraft Fuselage Structure,” Proceedings of the 20th Symposium of the International
Committee on Aeronautical Fatigue, Seattle, Washington, USA, July 14-15, 1999.

ABAQUS Version 5.8, Hibbitt, Karlsson, and Sorensen (HKS), 1080 Main Street,
Pawtucket, RI 02860, USA, 1998.

Swift, T., “Development of the Fail-Safe Design Features of the DC-10,” American
Society for Testing and Materials Special Technical Publication 486, 1970, pp. 164-214.

Rybicki, E.F. and Kanninen, M.F., “A Finite Element Calculation of Stress-Intensity
Factors by a Modified Crack Closure Integral,” Engineering Fracture Mechanics, Vol. 9,
1977, pp. 931-938.

Potyondy, D.O., Ph.D. Thesis, School of Civil and Environmental Engineering, Cornell
University 1993.

Viz, M.J., Potyondy, D.O., and Zehnder, A.T., “Computation of Membrane and Bending
Stress-Intensity factors for Thin, Cracked Plates,” International Journal of Fracture, Vol.

72, 1995, pp. 21-38.

Hudson, C.M., “Effect of Stress Ratio on Fatigue Crack Growth in 7075-T6 and 2024-T3
Aluminum Alloy Specimens,” NASA TN D-5390, 1969.

Phillips, E.P., “The Influence of Crack Closure on Fatigue Crack Growth Thresholds in
2024-T3 Aluminum Alloys,” ASTM STP 982, 1988, pp. 505-515.

Dubensky, R.G., “Fatigue Crack Propagation in 2024-T3 and 7075-T6 Aluminum Alloys
at High Stress,” NASA CR-1732, 1971.

Gruber, M.L., Mazur, C.J, Wilkens, K.E., and Worden, R.E., “Investigation of Fuselage
Structure Subjected to Widespread Fatigue Damage,” DOT/FAA/AR-95/47, 1996.

Miller, M., Gruber, M.L., C.J, Wilkens, K.E., and Worden, R.E., “Full-Scale Testing and
Analysis of Fuselage Structure,” FAA/NASA International Symposium on Advanced

25



22.

Structural Integrity Methods for Airframe Durability and Damage Tolerance, NASA
Conference Publication 3274, Part 1, pp. 481-496, 1994.

Samavedam, G. and Hoadley, D., “Fracture and Fatigue Strength Evaluation of Mutiple

Site Damaged Aircraft Fuselages — Curved Panel Testing and Analysis,” DOT/FAA/CT-
94/10, 1994.

26



Full Assembly

Pressure Box and —
Frame Load Ny
Assembly

Base Structure, Hoo
and Longitudinal Load
Assemblies

FIGURE 1. FULL-SCALE AIRCRAFT STRUCTURAL TEST EVALUATION AND
RESEARCH (FASTER) FIXTURE

Load Cell

Displacement, u,

Whiffle Tree
Assembly

Fulcrum —

Pivot Point

Water Actuator

FIGURE 2. SCHEMATIC OF LONGITUDINAL AND HOOP LOADING MECHANISM
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FIGURE 3. SCHEMATIC OF SHEAR LOADING MECHANISM
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FIGURE 4. SCHEMATIC OF FRAME LOADING MECHANISM
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FIGURE 6. SCHEMATIC OF THE PROPORTIONAL INTEGRAL DERIVATIVE (PID)
CLOSED-LOOP ERROR CORRECTION PROCESS
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FIGURE 7. PHOTOGRAPHS OF FASTER FACILITY AND RCCM SYSTEM
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FIGURE 9. DIMENSIONS OF FRAMES, STRINGERS, SHEAR CLIPS, AND INTERSECT
OF STRINGER AND FRAME
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FIGURE 10. PHOTOGRAPHS OF PANEL CVP1 SHOWING THE INNER AND OUTER
SURFACES AND THE INITIAL CRACK-LIKE SLIT
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SURFACES AND THE INITIAL CRACK-LIKE SLIT
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Strain Gage Location
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FIGURE 21. HOOP STRAIN IN GAGE LOCATED AT SKIN MID-BAY IN PANELS CVP1
AND CVP2 AND BOEING FULL-SCALE TEST ARTICLE
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FIGURE 22. FORTY-FIVE DEGREE STRAIN IN GAGE LOCATED AT SKIN MID-BAY IN
PANELS CVP1 AND CVP2 AND BOEING FULL-SCALE TEST ARTICLE
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Load Cond. 1c Max. Load
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FIGURE 23. LONGITUDINAL STRAIN IN GAGE LOCATED AT SKIN MID-BAY IN
PANELS CVP1 AND CVP2 AND BOEING FULL-SCALE TEST ARTICLE
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FIGURE 24. HOOP STRAIN AT OUTER CAP OF FRAME IN PANELS CVP1 AND
CVP2 AND BOEING FULL-SCALE TEST ARTICLE
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Load Cond. 1¢ Max. Load
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FIGURE 25. LONGITUDINAL STRAIN AT OUTER CAP OF STRINGER IN PANELS
CVP1 AND CVP2 AND BOEING FULL-SCALE TEST ARTICLE

Load Cond. 1c Max. Load g
Pressure 10.1 psi
800 r Hoop Load 554.6 1b/in
Frame Load 111.9 lb/?n \-)
v Long. Load 333.3 Ib/in m l \
600 [ . ! e e |
Boeing Full-Scale Test u 9 — ———
© Testl 7
O Test2 | | g A
400 A A o
Frame Hoop Test 3 ° g o4
Strain (L€) v . g ~ 2 8 & e
A X . .
2008 - @ . Iy @ Strain Gage Location
% é g CVP1 CVP2 (Multiple Cracks)
@ O Air,Runl ® Air,Runl
0e 0O Air, Run2 B Air,Run2
A Water, Run 1 A Water, Run 1
Vv  Water, Run 2 v Water, Run 2
=200 S S T S S S S R I S S S R |
0 2 4 6 8 10 12
Applied Pressure (psi)

FIGURE 26. HOOP STRAIN AT INNER CAP OF FRAME IN PANELS CVP1 AND CVP2
AND BOEING FULL-SCALE TEST ARTICLE
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Load Cond. 1c Max. Load
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FIGURE 27. LONGITUDINAL STRAIN AT FLANGE OF STRINGER IN PANELS CVP1
AND CVP2 AND BOEING FULL-SCALE TEST ARTICLE
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FIGURE 28. HOOP STRAIN DISTRIBUTION IN THE SKIN MID-BAY IN
PANELS CVP1 AND CVP2
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FIGURE 29. LONGITUDINAL STRAIN IN GAGE LOCATED AT SKIN MID-BAY IN
PANELS CVP3 AND CVP4
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FIGURE 30. LONGITUDINAL STRAIN DISTRIBUTION IN THE SKIN MID-BAY IN
PANELS CVP3 AND CVP4
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FIGURE 31. LONGITUDINAL STRAIN DISTRIBUTION IN THE STRINGERS OF
PANELS CVP3 AND CVP4
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FIGURE 32. PHOTOGRAPHS OF CRACK GROWTH IN CVP1 DURING FATIGUE
LOADING USING RCCM SYSTEM
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FIGURE 33. PHOTOGRAPHS OF CRACK GROWTH IN PANEL CVP2 DURING FATIGUE
LOADING USING RCCM SYSTEM
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FIGURE 34. STRESS-INTENSITY FACTOR RANGE AS A FUNCTION OF HALF CRACK
LENGTH FOR PANELS CVP1 AND CVP2
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Frequency = 0.2 Hz
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FIGURE 35. HALF LENGTH OF THE LEAD CRACK AS A FUNCTION OF NUMBER OF
FATIGUE CYCLES FOR PANELS CVP1 AND CVP2
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FIGURE 36. CRACK TIP POSITION AS A FUNCTION OF FATIGUE CYCLES FOR
PANEL CVP2
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FIGURE 37. STRAIN REDISTRIBUTION IN PANEL CVP2
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FIGURE 38. PHOTOGRAPHS OF CRACK GROWTH IN PANEL CVP3 DURING FATIGUE
LOADING USING RCCM SYSTEM
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FIGURE 39. PHOTOGRAPHS OF CRACK GROWTH IN PANEL CVP4 DURING FATIGUE
LOADING USING RCCM SYSTEM
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FIGURE 40. STRESS-INTENSITY FACTOR RANGE AS A FUNCTION OF HALF CRACK
LENGTH FOR PANELS CVP3 AND CVP4
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Frequency = 0.2 Hz
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FIGURE 41. HALF CRACK LENGTH AS A FUNCTION OF NUMBER OF FATIGUE
CYCLES FOR PANELS CVP3 ANDCVP4
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FIGURE 42. CRACK TIP POSITION AS A FUNCTION OF FATIGUE CYCLES FOR
PANEL CVP4
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FIGURE 43. STRAIN REDISTRIBUTION IN PANEL CVP4
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FIGURE 44. COMPARISON OF FATIGUE CRACK GROWTH DATA SHOWING EFFECT
OF MULTIPLE CRACKS ON LEAD CRACK GROWTH
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FIGURE 45. CRACK EXTENSION DURING RESIDUAL STRENGTH TESTS FOR
PANELS CVP1 AND CVP2
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FIGURE 46. CRACK TIP POSITION OF LEAD CRACK AND MULTIPLE CRACKS AS A
FUNCTION OF APPLIED PRESSURE FOR RESIDUAL STRENGTH TEST OF CVP2
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Tab Failure Manufacturing Flaws

- Saw-Cut Scratches

Region of Fatigue Crack Fatigue Crack
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Overload Region

Load Transfer Slot

FIGURE 47. PHOTOGRAPHS OF TAB FAILURE AFTER FIRST RESIDUAL STRENGTH
ATTEMPT FOR PANEL CVP3

Bearing Failures Repair from First
Premature Failure

FIGURE 48. PHOTOGRAPHS OF TAB FAILURE AFTER SECOND RESIDUAL
STRENGTH ATTEMPT FOR PANEL CVP3
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FIGURE 49. PHOTOGRAPHS OF REINFORCEMENTS MADE TO ALL TAB ENDS FOR
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THE LONGITUDINAL LOAD APPLICATION POINTS FOR PANEL CVP3
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FIGURE 50. CRACK EXTENSION, AS A FUNCTION OF APPLIED PRESSURE,
RECORDED FOR RESIDUAL STRENGTH TESTS OF PANEL CVP3
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FIGURE 51. CRACK EXTENSION, AS A FUNCTION OF APPLIED PRESSURE,
RECORDED FOR RESIDUAL STRENGTH TESTS OF PANELS CVP3 AND CVP4
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FIGURE 52. CRACK TIP POSITION OF LEAD CRACK AND MULTIPLE CRACKS AS A
FUNCTION OF APPLIED PRESSURE FOR RESIDUAL STRENGTH TEST OF CVP4
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1 FAA Full-Scale Panel Tests

XXX Boeing Full-Scale Barrel Test [20]
25 [ Boeing Full-Scale Barrel Test [21]
V77 Foster-Miller Panel Tests [22]
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FIGURE 53. COMPARISON OF DATA SHOWING THE EFFECT OF MULTIPLE CRACKS
ON THE RESIDUAL STRENGTH
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Frame 4: Saw-Cut

FIGURE 54. PHOTOGRAPHS OF THE FINAL STATE OF DAMAGE SHOWING CRACK
BULGING AND DAMAGED FRAMES IN PANEL CVPI

53



[00O00000000000000000000000O0O0 O]

sr_F1 F2 F3 F4 F5 F6 ),
o EiaaaTtaaTlaTTal—=lE [
g e et Z
o e — Lol e
o °
NEE = | = = E{ \\ —
. N s s el NN
° === o
2 = SS=c=lI=l :
o de———— | o
Lol o]
[0000000000000000000000000000
6000 0 BN
CVP1 a I
O Strain
5000 | & Crack Length 3 A
CVP2 (] 130
4000 [ © Strain o o
Frame A Crack Length o,
Strain (ue) o Crack_
3000 [ ¢ » | Length (in) : p
Q 150 Frame Strain at Failure
—
2000 | F5 pe)
A aan CVP1 CVP2
IOOO‘E & & &2 &2 & 2 & 4& s 4958 5219
& 00 o 10
e ® ®000° oo
0 o . ® . . . .
0 2 4 6 8 10 12
Applied Pressure (psi)

FIGURE 55. STRAIN IN FRAME F5 PRIOR TO FAILURE OF PANELS CVP1 AND CVP2
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FIGURE 56. PHOTOGRAPHS OF THE FINAL STATE OF DAMAGE IN PANEL CVP3
SHOWING SKIN FAILURE
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TABLE 1. TEST MATRIX

Specimen Joint Configuration Initial Damage Date Completed
CVPI Longitudinal Lap Joint Lead Crack only August 1999
CVP2 Longitudinal Lap Joint Lead Crack with Multiple Cracks | February 2000
CVP3 Circumferential Butt Joint | Lead Crack only July 2000
CVP4 Circumferential Butt Joint | Lead Crack with Multiple Cracks | September 2000
TABLE 2. SEQUENCE OF LOADING CONDITIONS APPLIED TO
PANELS CVP1 AND CVP2
Maximum Load
Load Pressure Hoop Frame Long.
Condition Test Type (psi) (Ib/in) (Ib/in) (Ib/in)
la Quasi-Static Loading, Strain Survey 10.1 554.6 111.9 0
1b Quasi-Static Loading, Strain Survey 0 0 0 3333
Ic Quasi-Static Loading, Strain Survey 10.1 554.6 111.9 3333
2 Cyclic Fatigue Crack Growth 10.1 554.6 111.9 333.3
3 Quasi-Static, Residual Strength Internal pressurization with reactive hoop
and frame loads plus longitudinal stress 50%
less than hoop stress
TABLE 3. SEQUENCE OF LOADING CONDITIONS APPLIED TO
PANELS CVP3 AND CVP4
Maximum Load
Load Pressure Hoop Frame Long.
Condition Test Type (psi) (Ib/in) (Ib/in) (Ib/in)
la Quasi-Static Loading, Strain Survey 8.8 483.2 97.6 0
1b Quasi-Static Loading, Strain Survey 0 0 0 875.7
Ic Quasi-Static Loading, Strain Survey 8.8 483.2 97.6 875.7
2 Cyclic Fatigue Crack Growth 8.8 483.2 97.6 875.7
3 Quasi-Static, Residual Strength Internal pressurization with reactive hoop
and frame load plus longitudinal stress 50%
higher than hoop stress
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TABLE 4. STRESS-INTENSITY FACTOR RANGE CALCULATIONS FOR

PANELS CVP1 AND CVP2

CVPI Baseline CVP2 Multiple Cracks
(ksin/in ) (ksi/in )

a, in AK AK, Ak Ak, AK, AK, Ak Ak,

3.56 30.19 0.75 0.24 9.76 30.78 0.73 0.30 9.76

3.84 31.68 1.08 0.13 9.89 32.79 1.05 0.03 9.90

4.13 33.30 1.56 0.29 9.35 36.57 1.62 0.02 9.40

4.29 34.11 1.95 0.32 8.38 44.39 2.46 0.66 8.81

4.69 38.13 242 0.63 12.45 38.47 241 0.68 12.46
5.04 39.52 2.72 0.46 13.08 40.09 2.71 0.44 13.07
5.36 40.91 3.27 0.62 13.01 42.09 3.29 0.88 12.99
5.71 42.23 4.34 0.88 11.86 47.33 4.76 0.34 12.06
5.76 42.46 4.41 0.89 11.66 51.97 5.32 0.03 12.20
6.16 47.09 4.74 0.04 15.36 47.68 4.94 0.33 16.01
6.47 48.07 5.19 0.87 15.52 49.04 5.22 0.89 15.53
6.75 49.14 5.55 0.17 15.17 50.86 5.64 0.32 15.11
7.15 50.56 6.49 0.77 13.85 59.91 7.48 1.06 13.83
7.77 55.41 7.23 0.97 16.88 56.50 7.28 1.03 16.88
8.46 58.06 7.96 0.85 16.26 62.62 8.47 0.34 16.14
8.65 58.43 8.51 0.19 14.98 69.44 9.96 0.92 14.99
9.24 63.13 9.15 0.97 18.44 64.37 9.26 0.86 18.90
9.96 65.54 9.77 1.72 17.36 70.26 10.38 1.20 17.26
10.13 65.78 10.20 0.79 16.18 78.54 12.05 0.48 16.13
10.73 70.57 10.85 0.78 19.98 71.67 11.03 0.47 18.96
11.34 72.26 11.31 2.29 16.98 74.39 11.57 2.07 16.96
11.70 72.93 11.84 1.57 15.58 83.55 13.44 0.53 15.60
12.21 77.37 12.43 0.08 21.66 78.54 12.65 0.44 20.03
12.86 78.40 12.76 3.17 17.95 80.93 13.09 2.95 17.87
13.18 78.90 13.40 2.53 16.62 91.15 15.34 1.52 16.62
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TABLE 5. STRESS-INTENSITY FACTOR RANGE CALCULATIONS FOR

PANELS CVP3 AND CVP4
CVP3, Baseline CVP4, Multiple Cracks
(ksiv/in ) ksiv/in
a, in AK, AK, Ak Ak, AK, AK, Ak Ak,
3.47 27.51 1.49 5.57 6.64 27.69 1.49 5.61 6.68
3.85 28.67 1.46 5.22 5.81 29.07 1.46 5.26 5.83
4.13 29.46 1.80 5.19 5.46 30.79 1.86 5.25 5.47
4.22 29.71 1.75 5.25 5.20 33.24 1.98 5.55 4.95
4.69 31.67 1.41 5.24 5.49 31.76 1.40 5.25 5.49
5.21 33.03 1.34 5.29 5.31 33.23 1.31 5.30 5.31
5.68 33.98 1.42 5.37 5.40 35.08 1.41 5.34 5.42
6.14 35.70 0.34 5.30 5.98 35.57 0.38 5.29 5.95
7.08 37.18 0.38 4.81 5.11 37.22 0.38 4.81 5.11
8.48 35.29 0.09 4.23 3.22 35.69 0.14 4.23 3.21
8.76 34.68 0.08 4.55 1.84 37.17 0.19 4.39 1.78
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APPENDIX A—PANEL ENGINEERING DRAWINGS

Detailed engineering drawings for the four panels tested are presented in this appendix. Panels
CVPI, CVP2, CVP3, and CVP4 are cross-referenced in the accompanied engineering drawings
numbered ZB128403 as configurations —1, —501, —505, and —507, respectively. The selected
panel configurations represent generic fuselage structure from a narrow-body aircraft fabricated
according to original equipment manufacturing (OEM) specifications. It was decided in this
program to test panels that were generic instead of aircraft specific, since the purpose of this
study is to provide experimental data to support and verify analysis methodologies to assess the
effects of multiple cracks applicable to all aircraft types. The panel size was selected so that the
test section will contain large damage such as a two-bay crack with central frame severed. The
test section of the panel was sized in order to minimize the effect of the test fixture attachment
points along the perimeter.

Typical panel dimensions are 120” in the longitudinal direction, 68” in the circumferential
direction, with a radius of 66”. For all four panels, the skin was 2024-T3 aluminum with a
thickness of 0.063”. Each panel had six frames with a 19” spacing and seven stringers with a
7.5” spacing. The frames and shear clips were 7075-T6 aluminum with thickness of 0.071” and
0.063”, respectively. The stringers were also 7075-T6 aluminum with a thickness of 0.063”,
except for S4 where the thickness is 0.071”. The edges of the curved panels, where loads are
applied, were reinforced by bonding six layers of 0.045~0.065-inch-thick aluminum alloy
doublers to the skin to ensure a uniform load transfer. Along the perimeter of the panel,
reinforcing doublers with a length of 112” on the longitudinal sides and 56” on the hoop sides
were added. Holes with a diameter of 0.5” were spaced approximately 4” apart on the
longitudinal sides and 3.5” apart on the hoop sides to attach the whiffle tree assemblies which
apply the load. There were 28 load application points on each longitudinal side and 16 load
application points on each hoop side. Doublers were also added to the frame ends where they
attach to the frame loaders.
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